We present a summary of the findings in energy-momentum powered gravity (EMPG) model studied in Ö. Akarsu, N. Katırcı, S. Kumar, Phys. Rev. D 97 (2018) 024011. In contrast to theories of non-linear gravity, which are based on generalizing the Einstein-Hilbert curvature contribution to the Lagrangian, we consider non-linear contributions of the usual energy-momentum tensor to the matter Lagrangian. We consider a particular form of them as f (T µν T µν ) as f (T µν T µν ) = α(T µν T µν ) η , where α and η are real constants, dubbed as energy-momentum powered gravity (EMPG). We look for viable cosmologies arising from EMPG in the context of the late-time accelerated expansion of the Universe at the background level. We obtain late time acceleration in a dust-dominated Universe without invoking dark energy source like cosmological constant. With a recent compilation of 28 Hubble parameter measurements, we constrain the parameters of the EMPG model and we conclude that, although the underlying physics in the EMPG model is entirely different in the sense that the energy in the EMPG Universe is sourced by pressureless matter only, this model describes an evolution of the Universe similar to that in the ΛCDM model.
Introduction
Expansion of the Universe was expected to be decelerating within general relativity (GR) given that the current Universe is filled with dust. It turned out however that our Universe is in fact expanding with an accelerating rate, which is still a mystery. The present most successful cosmological model capable of describing observed expansion history of the Universe so far is the six-parameter base ΛCDM model that is simple and in reasonably good agreement with the high-precision cosmological data [1, 2, 3] . The cosmological constant (Λ) is introduced into GR [4, 5, 6, 7] , whose value from observations and quantum field theory calculations as a possible energy density of the quantum vacuum energy are inconsistent with a ratio ρ (observation) Λ /ρ (theory) Λ ∼ 10 −120 [8, 4, 9, 5, 10, 11] . Besides there are some observations that suggest small deviations from/tensions with ΛCDM [2, 3, 12] . Additionally, some tensions between different cosmological data sets may be signalling an incompleteness of ΛCDM. There are some parametrizations which allow to probe departure from standard paradigm such as wCDM model and CPL parametrization [13, 14] , but these are phenomenological.
On the other hand, standard GR including evolving scalar fields, bulk viscous fluids, generalized Chaplygin gas have been proposed to drive the late time acceleration, usually dubbed as "dark energy". In this regard, modified theories of gravities have also been studied such as the scalartensor theories, Brans-Dicke theories of gravity, f (R) etc. [15, 16, 17, 18] . These latter studies focus on, rather than imposing an unknown kind of source, generalising the gravitational Lagrangian from the linear function of the spacetime curvature. However, non-linear function of matter source has remained out of the attention so far, though such higher-order matter terms naturally arise as correction terms in loop quantum gravity [19, 20] , and also arise in the brane world models [21] . Energy-momentum tensor (EMT)-type of modifications have started to attract an increasing attention in the recent literature. With some specific choices of the function, f (R, L m ), and f (R, T ) gravity models have been proposed and studied in Refs. [22, 23] .
Energy-momentum powered gravity (EMPG) has been proposed in [24, 25] with a function of f (T µν T µν ) = α(T µν T µν ) η , in fact a particular case of the f (R, T µν T µν ) model was proposed in [26] . In this work, we investigate the ranges of the EMPG model parameters (α, η), where α and η are real constants, for viable cosmologies leading to the late-time acceleration of the Universe with dust only, while keeping the successes of the standard GR at early times. EMPG is an energy density scale dependent model such that α(T µν T µν ) η modification shows its effects at high/low energy densities for η values higher/lower than 1 2 , albeit we study low energy density modification to explain late time acceleration. We here demonstrate that only the dust content is sufficient to explain the observed cosmic acceleration. Energy-momentum squared gravity (η = 1 case) has also been studied in [27, 25] , αT µν T µν modification (ρ 2 terms appear next to the standard ρ term) manifests itself at larger values of ρ, i.e., relatively early Universe such as Big-bang nucleosynthesis (BBN) processes, leaving the late-time Universe unaltered. It is obvious that it is not possible to use EMSG modification at late times to drive accelerated expansion, hence Λ should be considered in the EMSG framework. In EMSG, it is important to understand the high energy density scales where this theory would deviate from GR considerably, and hence the strongest constraints can be obtained from neutron stars. In [28] , authors discuss what contributions EMSG can provide to the physics of neutron stars, in particular, in relevance with the so called hyperon puzzle in neutron stars.
Energy-Momentum Powered Gravity
In EMPG, EMT-powered form, f (T µν T µν ) = α(T µν T µν ) η is added to Einstein-Hilbert (EH) action as follows:
where g is the determinant of the metric, κ is Newton's gravitational constant, R is the curvature scalar, and L m is the matter Lagrangian density.1 Here η is the power of the scalar from selfcontraction of the EMT, and α is a constant that would contributes to the coupling strength of the EMT-powered modification to gravity. The Einstein field equations and the covariant divergence of the EMT become
3)
where θ µν is the new tensor defined as
In the context of cosmology, we study EMPG considering the spatially maximally symmetric spacetime metric, i.e., the Robertson-Walker metric, with flat space-like sections
where the scale factor a = a(t) is a function of cosmic time t only, and the perfect fluid form of the EMT is given by
where ρ is the energy density, p is the pressure, and u µ is the four-velocity satisfying the u µ u µ = −1 and ∇ ν u µ u µ = 0 conditions. We describe the physical ingredient of the Universe with a barotropic equation-of-state (EoS) as p ρ = w = const. and using (2.7), we obtain
respectively. Using Eqs. (2.8) with background metric (2.6) in the field equations (2.3), we obtain the following set of two linearly independent differential equations with two unknown functions H 1We define EMT as
which depends only on the metric tensor components, and not on its derivatives and we choose L m = p.
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where H =ȧ/a is the Hubble parameter and the subscript 0 denotes the present-day values of the parameters. The constant κ is the gravitational coupling constant of the EMT-powered modification, and is given by
here, the terms that appear in the field equations due to the EMT-powered term in the action couple to gravity with a different strength as κ = α κ, where α is the ratio of κ with respect to the standard Newtonian coupling κ. We should here note that, provided that η = 0, α = α (α, η, ρ 0 , w) depends not only on α but also on the energy density ρ 0 today and EoS parameter of the source w. This implies that the EMT-powered term would lead in general to a violation of the equivalence principle, intimately connected with some of the basic aspects of attempts at unifying gravity with particle physics such as string theories (see Ref. [29] and references therein). We further note that the first Friedmann equation (2.13) is in the form of the well-known Cardassian expansion (H 2 = Aρ + Bρ n , with A, B, and n being constants) [30] where ρ n can generically appear in braneworld scenarios [30, 31] . On the other hand, in the second Friedmann equation (2.14) is in the form of the pressure of the generalized Chaplygin gas (p = −A/ρ α , where A is a positive constant) [32, 33] . But in EMPG, we see that the additional pressure term which appears due to the EMT−powered modification. Additionally, for the η = 1 case (EMSG), the total pressure [the right-hand side of Eq. (2.14)] is similar to the quadratic equation of state (p = p 0 + αρ + β ρ 2 , where p 0 , α, and β are constants) of dark energy [34] . However, one may check that our model in fact does not correspond to any of them, namely, the modified Friedmann equations of our model (2.13) and (2.14) do not simultaneously match the Friedmann equations of each of these models. In these models, energy-momentum tensor is conserved whereas the local/covariant energy conservation is violated in our model given in (2.4) asρ
(2.12)
Here we can see that the local/covariant energy-momentum conservation ∇ µ T µν = 0, which would lead to ρ ∝ a −3(1+w) , is not satisfied for α = 0 in general.
Dust only Universe in EMPG
We consider here in the presence of only a pressureless fluid using (2.9)-(2.10) with w = 0, we obtain
where
is the gravitational coupling constant of the EMT-powered modification. In this work, we focus on the late time dynamics of Universe at background level in the presence of dust where the radiation is negligible.
Late-time acceleration
The late-time acceleration of the Universe takes place at relatively low energies, and hence the EMPG modification should be effective at sufficiently low energy densities. The modification should be negligible at high energy densities, namely, at energies higher than that of recombination. In this way, the successes of the standard cosmology would be untouched. Before observational analysis, suitable ranges of the model parameters α and η can be discussed in theoretical grounds. Knowing that the energy density of the matter source ρ should be positive, we would like to ensure that the EMT-powered contribution to the Hubble parameter [the latter term in Eq. (2. + κρ Λ , where ρ Λ = const. but we should stress that the underlying physics of these two models are completely different. For instance, if we consider an empty Universe (ρ m,0 = 0), we find H = 0 (a static Universe) in our model, whereas we find H = [3] giving Ω Λ,0 ∼ 0.69 for the current Universe, we can estimate that α ∼ 2.2 . Depending on the EMTpowered modification, pressureless matter itself mimics the cosmological constant while preserving the standard dust contribution via the usual EMT term.
Even η = 0 case in EMPG has some promising features comparing to ΛCDM such as alleviating cosmological constant problem (for details, see [24] ), we elaborate on η = 0 cases in EMPG, and explore the range of the values of η that give accelerated expansion at late times. We aim that EMT-powered terms manifest at lower values of ρ−relatively late Universe−, hence we should consider η < 1 2 cases and check that deceleration parameter using Eqs.(2.13)-(2.14): 15) and we investigate the evolution the Universe at z 1100 as well as the late-time accelerated expansion, which starts at z ∼ 0.6. Because the condition α > 0 makes the denominator always positive, q can take negative values if 16) due to the term η+1 2η−1 in the numerator. We note that the upper limit coincides with the one we obtained in order for the EMPG modification to be effective at lower energy density values. Thus, the condition (2.16) guarantees standard GR at earlier times, and cosmic acceleration at later times by means of the EMPG modification. Finally, we obtain accelerated expansion in the present
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Universe at z = 0, implying ρ m = ρ m,0 , provided that
which is a stronger condition than the one given in Eq. 
It should be noted here that we are not able to give an explicit solution for ρ m (a) since it is not possible to isolate ρ m except for a couple of particular cases of η in this equation and we find that the following explicit expression for the matter energy density ρ m in terms of z is a very good approximation [with the maximum relative error (δ ρ m /ρ m ) on the order of 10 −5 ] to Eq. (2.19) for ρ m /ρ m,0 1 and η ∼ 0 
Observational constraints
Substituting Eq. (2.20) and the Hubble constant H 2 0 = κ 3 (1 + α )ρ m,0 into Eq. (2.13), the approximated modified Friedmann equation in terms of redshift z is 21) subject to the conditions ρ m ρ m,0 > ρ m,min (or z 0) and the ones given in Eqs. (2.16). Now we can constrain the EMPG model parameters η, α and H 0 with the observational data and we use the compilation of 28 Hubble parameter measurements spanning the redshift range 0.07 ≤ z ≤ 2.3.
The 28 H(z) data points were compiled in Ref. [35] to determine constraints on the parameters of various dark energy models.2 Our results are presented in Table 1. 2We constrain parameters (H 0 , α , η) of the EMPG model by minimizing We first note that the values of α and η satisfy all of the conditions (2.16), (2.17) as described in the previous section for a viable cosmology. We note that the mean value of η is almost equal to zero, signaling that our model−in light of observational data−predicts a ΛCDM-type background evolution at least up to the present time. The constraints on the ΛCDM model parameters read as H 0 = 68. −0.039−0.068 , with error limits at the 1σ and 2σ confidence levels and χ 2 min = 17 (see Table I of Ref. [37] ). We conclude that, although the underlying physics in the EMPG model is entirely different in the sense that the energy in the EMPG Universe is sourced by pressureless matter only, this model describes an evolution of the Universe similar to that in the ΛCDM model.
We also obtain the constraint on the parameter α as α = −0.60
As is shown in (2.23), the units of α depend on η, which indicates that each different value of η should be considered as another gravity theory. For relevant details and figures, see [24] .
Concluding remarks and future perspectives
The EMPG is a modified theory of gravitation constructed by the addition of α(T µν T µν ) η term to the EH action of GR, we summarize above the relevant findings in the context of the late-time accelerated expansion of the Universe. We have discussed the conditions under which it leads to viable cosmologies, and showed that there are ranges of the parameters of the EMPG model in which it approaches standard GR at high energy densities and the accelerated expansion at sufficiently low energy densities without invoking a cosmological constant or any other dark energy source. In the presence of only a matter source, EMPG can give rise to precisely the same background evolution as the ΛCDM model when η = 0, and when η ∼ 0 model predicts an evolution similar to that of the wCDM model. Although we obtain ΛCDM-like model (η = 0) and wCDM-like (η ∼ 0) models, the underlying physics of the EMPG-driven cosmologies are entirely different than what we have in the ΛCDM and wCDM models. Our model alleviates the cosmological constant problem that arises when a cosmological constant is introduced as in the ΛCDM model, and the issue of introducing an ad hoc scalar field that can lead to quintessence and/or phantom (leading additional severe problems) dark energy source with a constant or slightly varying equation-of-state parameter as in the wCDM-like models. We have constrained EMPG model parameters from the recent compilation of 28 Hubble parameter measurements reveal that the EMPG model describes an evolution of the Universe similar to that in the ΛCDM model.
The range of possible values for η on theoretical grounds is discussed in detail in [24] and As remarked above, η determines the order of non-linear contributions of matter term, hence EMPG model can serve as a workable solution for various problems of standard cosmology at very different energy density scales. In EMPG model, the case η > 1/2 may be effective at high energy densities; e.g. relevant to early Universe and dense compact astrophysical objects, in line with that in [28] , energy-momentum squared gravity (EMSG)−corresponds to η = 1 case of EMPG− has been studied and α parameter has been constrained using neutron stars. Under this astrophysical constraint, cosmological implications of EMSG model have also been discussed. EMSG leaves the most important features of standard cosmology such as the standard big bang nucleosynthesis unaltered. On the other hand studying EMPG model for η > 1/2 in the context of BBN would certainly be interesting and these cases may differ from the standard GR and EMSG, even at the very beginning of early Universe it has some different predictions. Namely, it was shown that in [25] , the EMPG model for η > 1/2 can replace the initial singularity with an initial bounce and avoid spatial anisotropy from dominating the Universe about the initial singularity.
